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ABSTRACT: The structural and magnetic proper-
ties of magnetocaloric Mn(Co1-xNix)Ge compounds 
have been studied. Two responses to the increase 
of valence electron concentration on substitution 
of Ni (3d84s2) for Co (3d74s2) in the orthorhombic 
phase (Pnma) are proposed - expansion of unit cell 
volume and redistribution of valence electrons. 
We present experimental evidence for electronic 
redistribution associated with the competition 
between magnetism and bonding. This competi-
tion in turn leads to complex dependences of the 
reverse martensitic transformation temperature 
TM (orthorhombic to hexagonal (P63/mmc)) and 
the magnetic structures on the Ni concentration. 
Magnetic transitions from ferromagnetic structures below x = 0.50 to non-collinear spiral antiferromagnetic structures 
above x = 0.55 at low temperature (e.g. 5 K) are induced by modification of the density of states at the Fermi surface due 
to the redistribution of valence electrons. TM is found to decrease initially with increasing Ni content and then increase. 
Both direct and inverse magnetocaloric effects are observed.  
INTRODUCTION 
The structural and magnetic properties of MnCoGe-
based alloys have been studied extensively in recent years 
(e.g.1-5); this stems mainly from their potential applica-
tion as magnetic cooling materials based on the magneto-
caloric effect (MCE). There are two stable crystallographic 
structures, corresponding to the nominal high-
temperature hexagonal (Hex) phase with Ni2In-structure 
(P63/mmc) and the nominal low-temperature orthorhom-
bic (Orth) phase with TiNiSi-type structure (Pnma) (see 
Figure 1 and Figure S1 in the Supporting Information).6 It 
was reported that both collinear ferromagnetic (FM) and 
non-collinear spiral antiferromagnetic (spiral-AFM) struc-
tures may exist in the orthorhombic phase at low temper-
ature.7-10 The presence of ferromagnetic or spiral antifer-
romagnetic structures in the orthorhombic phase would 
allow scope for a direct (positive) MCE11-13 or inverse (neg-
ative) MCE.14-16 It is therefore important to study the 
mechanism for the magnetic transfer between FM and 
spiral-AFM in the orthorhombic phase. 
One mechanism for a non-collinear magnetic structure 
is the competition between symmetric superexchange and 
the antisymmetric Dzyaloshinsky-Moriya (DM) interac-
tion,17, 18 such as in CuB2O7,
19 LiFeAs2O7,
20 and FeBO3.
21 The  
 
 
Figure 1 Crystal structures and Co/Ni-Ge networks in the Mn(Co0.40Ni0.60)Ge sample with (a), (b), (c) a Ni2In-type hexagonal 
structure (P63/mmc) and (d), (e), (f) a TiNiSi-type orthorhombic structure (Pnma). Only the Mn atoms in the first unit cell are 
shown. Both structures are built from two-dimensional layers (indicated by I, II, …) of edge-sharing six-membered Co/Ni-Ge 
rings. (a) and (d) are three-dimensional views, (b) and (e) are two-dimensional views projected on the (110) plane and ac-plane, 
and (c) and (f) are the III and IV layers projected on the ab- and bc-planes for the hexagonal and orthorhombic structures, re-
spectively. The numbered Mn atoms are used as guides for the rotation of the networks. The annotations ‘′’ and ‘′′’ in (a), (b) and 
(c) are used as indicators of the atoms on the inner plane and the next-inner plane, respectively. The Co/Ni-Ge bonds between 
the two-dimensional layers are separated into two groups, marked as [A] and [B], respectively. Bonds [B] were broken during the 
martensitic transformation from the hexagonal structure to the orthorhombic structure. The figures are created based on the 
Rietveld refinement results of the x-ray diffraction pattern for Mn(Co0.40Ni0.60)Ge at room temperature (~295 K, see Figure 2).  
DM interaction is a relativistic correction to the usual 
superexchange due to spin-orbit coupling.18, 22 One fun-
damental macroscopic feature of this antisymmetric cou-
pling takes place in non-centrosymmetric magnetic crys-
tals.23, 24 Another possible reason derives from competi-
tion between interactions such as Ruderman-Kitel-
Kasuya-Yosida (RKKY) in itinerant systems25, 26 or Heisen-
berg exchanges in localised moment systems.27, 28 Differ-
ent from the DM interaction that depends on lattice 
symmetry, these interactions depend strongly on the dis-
tances between the magnetic moments. The RKKY inter-
action is long range interaction,29 with oscillation of the 
magnetic interactions being responsible for a spiral struc-
ture.30 In the Heisenberg model, frustration between 
nearest-neighbour (NN) and next-nearest-neighbour 
(NNN) exchange interactions can likewise cause a spiral 
structure.31, 32  
An alternative explanation for a non-collinear spiral-
AFM builds on the stability of the band structure. Earlier 
reports in Mn-based orthorhombic systems indicated that 
a high density of states at the Fermi surface (N(EF)) makes 
FM unstable while a non-collinear AFM can reduce 
N(EF).
33, 34 Such lower N(EF) in a non-collinear AFM com-
pared with a FM state is linked to the modification of 
Fermi surface topology which has been discussed by 
Lizárraga et al.35 This discussion is based on the possibility 
of hybridisation of the spin-up and spin-down channels 
for a non-collinear spin configuration. The opening of a 
band gap at the Fermi level due to the hybridisation 
would lower the total energy over a ferromagnetic config-
uration. It is considered that a non-collinear structure can 
be obtained by modifying the Fermi surface in any ele-
ment or compound, especially in a ferromagnet with nest-
ing features between the spin-up and spin-down Fermi 
surface,35-37 e.g. through application of high pressure38 or 
modification of the constituent elements.39 Such non-
collinear structures generally correspond to the systems 
exhibiting small unit cell volumes and small magnetic 
moments, e.g. in Fe-Ni Invar alloys40 and zinc-blende 
MnAs.36  
In the case of MnCoGe-based compounds, it was re-
ported that the valence electron concentration e/a (VEC, 
defined as the average number of valence electrons per 
atom) has a strong influence on the magnetic 
properties.41, 42 In the present work, the magnetic transfer 
between ferromagnetism and spiral antiferromagnetism 
 
in the orthorhombic structure of MnCoGe will be tuned 
by modifying VEC through partial substitution of Ni 
(3d84s2) for Co (3d74s2). A comprehensive set of fifteen 
Mn(Co1-xNix)Ge compounds with a broad Co/Ni ratio (0.12 
≤ x ≤ 1.00) have been prepared and investigated over the 
temperature range 5 - 450 K using magnetisation, x-ray 
and neutron diffraction measurements. In addition, the 
relationship of the VEC with magnetic structures and 
structural transitions will be discussed from the aspects of 
electronic redistribution and unit cell volume, which is 
associated with the modification of the density of states at 
the Fermi surface (N(EF)). 
EXPERIMENTAL SECTION 
Synthesis Fifteen polycrystalline Mn(Co1-xNix)Ge sam-
ples with x = 0.12, 0.14, 0.16, 0.18, 0.20, 0.30, 0.40, 0.50, 
0.55, 0.58, 0.60, 0.70, 0.80, 0.90 and 1.00 (~2 grams each 
sample) were prepared by arc melting stoichiometric 
amounts of Ni, Co, Ge and Mn (, purities > 99.95 wt%) 
under an argon atmosphere on a water cooled Cu hearth.  
The oxidised surface of the Mn flakes was first removed 
using diluted nitric acid.  The ingots were melted four 
times to ensure homogeneity with 3% excess Mn added to 
compensate for mass loss during the melting process. The 
ingots were wrapped with Ta foil and sealed in quartz 
glass tubes under vacuum. The samples were then an-
nealed in a horizontal tube furnace at 850 ℃ for 7 days. 
Finally, the samples were quenched into iced-water and 
ground into powder using an agate mortar/pestle for the 
measurements.  
X-ray diffraction The quality and phases of all samples 
were checked by x-ray diffraction measurements at room 
temperature (~295 K) using a PANalytical diffractometer 
with CuKα radiation. In addition to the neutron diffrac-
tion measurements outlined below, the structures and 
related martensitic reverse transformation temperatures 
were investigated by variable temperature x-ray diffrac-
tion measurements over the temperature range from 20 K 
to 310 K in 10 K steps. A holding time of 10 min was used 
at every temperature step to ensure thermal equilibrium.  
Magnetic measurements Magnetic measurements 
were performed on the polycrystalline samples using a 
Quantum Design physical property measurement system 
(PPMS). The magnetisation versus temperature at con-
stant-field sweeps were performed in an applied magnetic 
field of 0.01 T with 5 K steps over a temperature range of 5 
- 300 K or 5 - 320 K. Two measurement sequences were 
used: heating after zero-field cooling (ZFC) and field cool-
ing (FC) at a rate of 0.7 K/min. The field-dependent iso-
thermal magnetisations were recorded in fields up to 5 T 
in steps of 0.2 T or 0.25 T around the magnetic phase 
transitions temperatures in 5 K steps, using the standard 
isothermal process.43 
Neutron powder diffraction Neutron powder diffrac-
tion experiments were performed on Mn(Co 1-xNix)Ge 
samples with x = 0.14, 0.40, 0.55, 0.58, 0.60, 0.90 and 1.00 
using the high-intensity powder diffractometer 
WOMBAT at the OPAL Reactor (Lucas Heights, Austral-
ia) with a neutron wavelength of 2.4143 Å.44 A continuous  
 
Figure 2 X-ray diffraction patterns of Mn(Co1-xNix)Ge samples 
(x = 0.14 to 1.00) at room temperature (~295 K). The Miller 
indices of reflections from the hexagonal and orthorhombic 
structures are indexed with and without asterisks, respective-
ly. Inset are the fractions of the hexagonal and orthorhombic 
phases as a function of Ni content x (x = 0.12 to 1.00). Inter-
estingly, it is noted that the orthorhombic phase fraction 
decreases from 98(3) wt% (x = 0.12) to 13.5 (5) wt% (x = 0.40) 
and then increases from 12.3(6) wt% (x = 0.58) to 99(4) wt% 
(x = 1.00). 
 
Figure 3 (a), (b) and (c) Lattice parameters and (d) unit cell 
volumes for the orthorhombic phase in the Mn(Co1-xNix)Ge 
(x = 0.12 to 1.00) from the room temperature x-ray diffraction 
patterns of Figure 2. The full lines are guides to the eye with 
the dashed lines indicating the slight discontinuities in aorth, 
borth and corth around x = 0.55 as discussed in the text. The 
errors bars are as shown (in some cases the uncertainty is 
smaller than the symbol). 
detector bank of 160° × 120 mm high was used. Variable 
temperature measurements were carried out in zero 
magnetic field using a top loading cryofurnace over the 
temperature range 5 K to 450 K. Refinements of both the 
x-ray diffraction and neutron patterns were performed 
using the Rietveld method and irreducible representation 
theory using the program FullProf.45, 46 
RESULTS AND DISCUSSIONS 
Structural description X-ray diffraction patterns of 
Mn(Co1-xNix)Ge (x = 0.14 to 1.00) at room temperature are 
presented in Figure 2. All of the samples were found to 
 
exhibit the TiNiSi-type orthorhombic structure (Pnma) 
and/or the Ni2In-type hexagonal structure (P63/mmc). 
Examples of the refinements of the x-ray diffraction pat-
terns are given in Figure S2. There are no discernible im-
purities (neutron diffraction measurement with higher 
resolution demonstrates a small fraction of the impurity 
phase MnNi1.25Ge0.75 (≤ 2(1) wt%) in the samples with x = 
0.90 and 1.00). The fraction of the orthorhombic phase at 
room temperature initially decreases with Ni content and 
then increases as shown in the inset of Figure 2. As noted 
the hexagonal and orthorhombic structures of the 
Mn(Co0.40Ni0.60)Ge at room temperature are shown in 
Figure 1. It is considered that the Co/Ni (2d site) and the 
Ge (2c site) atoms form a three-dimensional five-
connected (3D5C) network in the hexagonal structure.47 
This network can be viewed as being built from two-
dimensional flat layers of edge-sharing six-membered 
Co/Ni-Ge rings. The Co/Ni-Ge honeycomb is stitched 
together by Mn atoms. X-ray diffraction of the MnCoGe 
single crystal indicated that Co atoms have much larger 
thermal vibrations in the hexagonal structure (along the 
ahex-axis) than in the orthorhombic structure.
6 This large 
vibration amplitude of Co brings about higher entropy in 
the high-temperature hexagonal structure and hence 
leads to a diffusionless and displacive structural transition 
into the low-temperature orthorhombic structure. During 
this transition, the adjacent two-dimensional Co/Ni-Ge 
layers in the hexagonal structure glide towards opposite 
directions along 〈11̅0〉 as indicated by the bold arrows in 
Figure 1. As a result of the release of the Co thermal vibra-
tion, bonds between the Co/Ni-Ge layers are varied dra-
matically and half of them (short dashes in Figure 1(e), 
labelled as [B]) are broken. The flat Co/Ni-Ge layers are 
wrinkled and become pseudo-zigzag layers in the ortho-
rhombic structure. Finally the 3D5C Co/Ni-Ge network in 
the hexagonal structure changes as a 3D4C Co/Ni-Ge 
network in the orthorhombic structure, in agreement 
with the description by Landrum et al.48 
As described previously,49 the relationships between the 
lattice parameters of the two structures depicted in Figure 
1 can be derived as: aorth ~ chex, borth ~ ahex, corth/√3 ~ ahex 
and Vorth/2 ~ Vhex. The lattice parameters as functions of 
Ni content x for the orthorhombic phase in Mn(Co1-
xNix)Ge (x = 0.12 to 1.00) as determined from Rietveld re-
finements of the x-ray diffraction patterns (Figure 2) are 
shown in Figure 3. While the value of borth is found to de-
crease from 3.817(1) Å for x = 0.12 to 3.760(1) Å for x = 1.0 
(Figure 3(b)) on substitution of Ni of atomic radius 1.21 Å 
for Co of atomic radius 1.26 Å, aorth and corth increase from 
5.981(1) Å to 6.046(1) Å and from 7.064(1) Å to 7.095(1) Å 
(Figures 3(a) and 3(c) respectively). Such pronounced 
anisotropy leads to the interesting variation in unit cell 
volume Vorth shown in Figure 3(d). Vorth does not follow 
Vegard's law but rather exhibits a Λ-like dependence on 
the Ni content x: increases firstly with Ni content to x ~ 
0.55 and then decreases. In addition, it is noted that slight 
discontinuities are also observed in aorth, borth and corth 
around x = 0.55, as indicated by the dashed lines in Figure 
3(a), 3(b), 3(c). 
 
Figure 4 (a) Temperature dependences of the magnetisation 
for the Mn(Co1-xNix)Ge samples, x = 0.14, 0.40, 0.55, 0.60 and 
1.00, in an applied field of µ0H = 0.01 T on warming after ze-
ro-field cooling (ZFC, solid symbols) and field cooling (FC, 
open symbols). (b) Field dependence of the magnetisation 
for samples at 5 K with x = 0.40, 0.55, 0.60 and 1.00. 
Magnetisation Magnetisation curves in an applied mag-
netic field of 0.01 T for Mn(Co1-xNix)Ge with x = 0.14, 0.40, 
0.55, 0.60 and 1.00 are shown in Figure 4(a) (for more in-
formation, see Figure S3). The samples with x = 0.14, 0.40 
and 0.50 exhibit ferromagnetic-like behaviour below the 
magnetisation transition temperatures. In contrast, the 
magnetisation curves for the samples with x = 0.55, 0.58 
and 0.60 have antiferromagnetic-like features at low tem-
perature followed by a transition to ferromagnetism at 
155(4) K, 210 (4) K and 245(4) K, respectively. As evident 
in Figure S3 the magnetisations for Ni-rich samples with x 
≥ 0.70 are significantly reduced compared with the mag-
netisations of the other samples. As outlined below, anal-
ysis of the neutron diffraction patterns demonstrate that 
for the Mn(Co1-xNix)Ge with x ≥ 0.7, the antiferromagnetic 
phase transforms directly to paramagnetic phase at the 
corresponding Néel temperature TN (the transition tem-
peratures are listed in Table S1). 
The magnetic transitions from ferromagnetic structure 
to antiferromagnetic structure with increasing Ni content 
x at 5 K are illustrated by the isothermal magnetisations 
curves in Figure 4(b). As evident in Figure 4(b), while the 
magnetic isotherm for the Mn(Co1-xNix)Ge with x = 0.40 
increases rapidly with magnetic field, metamagnetic be-
haviours are observed for the samples with x = 0.55, 0.60 
and 1.00. Such metamagnetic behaviours indicate the ro-
tation of the antiferromagnetic moment towards a ferro-
magnetic alignment under applied magnetic field. In ad-
dition, a higher magnetic field is needed to align the anti-
 
ferromagnetic moments with increasing Ni content, e.g. 
the ferromagnetic alignment occurs at µ0H ~ 6.0 T for x = 
1.00 compared with µ0H ~ 1.2 T for x = 0.60. This indicates 
that the antiferromagnetic phase becomes increasingly 
stable with the increased Ni content. 
The magnetic transitions in the Mn(Co1-xNix)Ge samples 
with x = 0.40 to 0.60 occur between ~280 K and ~310 K. 
Trung et al. have demonstrated that magnetic transitions 
occurring in the temperature range 275 K to 345 K in 
MnCoGe-based compounds generally coincide with a 
structural transition, and that such coincidence provides 
scope for the formation of magneto-structural transitions 
from ferromagnetic orthorhombic structure (FM-Orth) to 
paramagnetic hexagonal structure (PM-Hex) and hence 
an associated large MCE.11 Therefore it is also expected 
that a magneto-structural transition and large MCE will 
be observed in the Mn(Co1-xNix)Ge samples with x = 0.40 
to 0.60. More details about the magnetic transition tem-
peratures obtained for the present Mn(Co1-xNix)Ge sam-
ples are summarised in Table S1.  It is also noted that the 
thermal hysteresis, ΔThys, i.e. the difference in magnetic 
transition temperature on warming and cooling, decreas-
es from 15(2) K for x = 0.40 to 5(2) K for x = 0.60. Such 
decrease of thermal hysteresis is advantageous for im-
proving the energy efficiency in magnetocaloric materi-
als.50 
Magnetic structures As demonstrated from the mag-
netisation measurements, Mn(Co1-xNix)Ge with Ni con-
centrations in the range x = 0.14 to x = 1.00 exhibit ferro-
magnetic and antiferromagnetic behaviours. The magnet-
ic structures of these compounds have been investigated 
in three different regions delineated by the magnetic 
phase transitions: samples with x ≤ 0.50 show a single 
FM/PM transition; samples with 0.55 ≤ x < ~0.70 have an 
AFM/FM transition and a FM/PM transition; samples 
with x > ~0.70 exhibit a single AFM/PM transition.  It is 
reported that the Ni atoms do not carry a magnetic mo-
ment in MnCoGe/MnNiGe-based alloys.8 In addition, 
following our previous study of (Mn0.98Fe0.02)CoGe and 
Mn(Co0.96Fe0.04)Ge, the magnetic moment on Co atoms 
was shown to be too small to be resolved by neutron 
powder diffraction measurements.4, 5 Therefore in the 
present work only the magnetic moments on the Mn sub-
lattice of the Mn(Co1-xNix)Ge compounds are considered 
in the analysis of the neutron diffraction patterns. In ad-
dition, the Ni/Co occupancies obtained through the 
Rietveld refinements of the neutron diffraction patterns 
match well with the nominal compositions of the samples 
(see Table S2). 
1) Magnetic structures for Mn(Co1-xNix)Ge (x = 0.14 and 
0.40) The neutron powder diffraction patterns for 
Mn(Co0.86Ni0.14)Ge and Mn(Co0.60Ni0.40)Ge are shown in 
Figures S4(a) and S4(b). Both samples have the ortho-
rhombic structure at low temperatures, followed by a 
structural transition to the high-temperature hexagonal 
structure at 370(2) K and 299(1) K, respectively. No satel-
lite peaks are observed in the diffraction patterns, pre-
cluding an incommensurate structure in these two sam-
ples. Analysis of the magnetic structure was carried out  
 
Figure 5 The magnetic structures in the orthorhombic phase 
of (a) Mn(Co0.86Ni0.14)Ge and (b) Mn(Co0.60Ni0.40)Ge at 5 K. 
Each sample has a ferromagnetic structure: the magnetic 
moments in Mn(Co0.86Ni0.14)Ge point to corth, corresponding 
to the irreducible representation model Fz of Γ3; and the 
magnetic moments in Mn(Co0.60Ni0.40)Ge point to borth, cor-
responding to the irreducible representation model Fy of Γ5. 
using irreducible representation theory as described in 
our previous report.5 (More details about the analysis of 
the neutron diffraction patterns are given in the Section 
4.2 in the Supporting Information). 
Both Mn(Co0.86Ni0.14)Ge and Mn(Co0.60Ni0.40)Ge have fer-
romagnetic structures below the Curie temperatures, 
345(5) K and 280(4) K, respectively (see Figures S3 and 
S4). The magnetic moments on the Mn sublattice align 
along the corth-axis (FMc) in Mn(Co0.86Ni0.14)Ge as shown in 
Figure 5(a); the magnetic moments on the Mn atoms are 
3.4(1) μB at 5 K. Interestingly, it is found that further dop-
ing of Ni causes a reorientation of the magnetic moments 
on the Mn atoms in the orthorhombic structure. For ex-
ample, the 3.5(1) μB magnetic moments in 
Mn(Co0.60Ni0.40)Ge lie along the borth-axis (FMb) at 5 K as 
shown in Figure 5(b). Moreover there are other differ-
ences apparent: Mn(Co0.86Ni0.14)Ge has separated magnet-
ic and structural transitions at 345(5) K and 370(2) K, 
while Mn(Co0.60Ni0.40)Ge has only one FM-Orth/PM-Hex 
first order magneto-structural transition (FOMST) at 
299(1) K with a full width at half maximum of 13(1) K. 
2) Magnetic structures for Mn(Co1-xNix)Ge (x = 0.55, 0.58 
and 0.60) The Mn(Co1-xNix)Ge samples with x = 0.55, 0.58 
and  0.60 are found to exhibit similar magnetic structures 
and phase transitions. The neutron powder diffraction 
patterns for Mn(Co1-xNix)Ge with x = 0.60 are shown in 
Figure 6(a) with the diffraction patterns for Mn(Co1-
xNix)Ge with x = 0.55 and 0.58 shown in Figures S4(c) and 
S4(d). The Mn(Co0.40Ni0.60)Ge sample is taken as an ex-
ample for discussion of these magnetic structures. 
From the neutron data of Figure 6(a) it is concluded 
that the orthorhombic structure dominates in 
Mn(Co0.40Ni0.60)Ge below 312(1) K. In addition, a group of 
satellite peaks is observed below 245(5) K, indicating a 
possible incommensurate AFM structure. Enhancement 
of several nuclear scattering peaks (e.g. (103) peak around 
2 theta ~66.5° in Figure 6(a); also see Figure S6 for varia-
tion of the (101)orth peak intensity with temperature) as  
 
 
Figure 6 Neutron diffraction patterns (λ = 2.4142 Å) for (a) Mn(Co0.40Ni0.60)Ge and (c) MnNiGe over the temperature range 10 K 
to 450 K. Most of the peaks are identified as the orthorhombic structure (Miller indices without asterisk) and the hexagonal 
structure (Miller indices with asterisks). A small fraction of the impurity phase MnNi2Ge (≤ 2(1) wt%) is observed in MnNiGe, as 
indicated by triangles in (c). The orange curves indicate the evolution of the magnetic satellite peaks. Some satellite peaks which 
are too small to be discerned are not marked. The green circle around 2 theta ~66.5° in (a) indicates the enhancement of the 
diffraction intensity on the (103) peak of the orthorhombic structure in Mn(Co0.40Ni0.60)Ge above 245(5) K. (b) and (d) are the 
magnetic structures in the orthorhombic phase at 5 K for Mn(Co0.40Ni0.60)Ge and MnNiGe, respectively. The propagation vectors 
are 0.247(1) Å
 -1
 and 0.184(1) Å
 -1
 along aorth for both samples. θ angles are 70° and 0°, corresponding to cycloidal-spiral (CS) struc-
ture and a simple cycloidal (SC) structure, for Mn(Co0.40Ni0.60)Ge and MnNiGe, respectively. 
well as disappearance of the satellite peaks are observed 
above 245(5) K in Mn(Co0.40Ni0.60)Ge. According to the 
magnetisation data in Figure 4(a), this increase of the 
peak intensity may be the result of a magnetic transition 
to a ferromagnetic structure. On further warming the 
Mn(Co0.40Ni0.60)Ge sample transforms to the hexagonal 
structure at 312(1) K.  
The propagation vectors for Mn(Co0.40Ni0.60)Ge below 
245(5) K were determined using the K-search software 
embedded in FullProf. The results indicate that the mag-
netic moments propagate along the aorth-axis with the 
magnetic peaks found to be well matched using a conical 
structure. A schematic coordinate system for the ar-
rangement of a magnetic moment in this conical model in 
which the magnetic moment μ lies on a cone with a half 
angle of ψ is given in Figure S7. The spherical angles of 
the spiral (cone) axis l of the first atom are θ and φ with 
respect to spherical coordinates, with determination of 
the parameters ψ, θ and φ given in Section 4.4.1 of the 
supplementary information. 
The Rietveld refinement results for the neutron diffrac-
tion pattern of Mn(Co0.40Ni0.60)Ge at 5 K are shown in Fig-
ure S10(a). The optimal parameters for the conical struc-
ture are ψ = 90°, θ = 70° and φ = 0°, corresponding to a flat 
cycloidal-spiral (CS) structure. The propagation vector is 
determined as kx = 0.247(1) Å
-1 along the aorth-axis. The 
configuration of this magnetic structure is shown in Fig-
ure 6(b), and the refinement results are summarised in 
Table 1. Rietveld refinements of the diffraction patterns 
above 245(5) K demonstrate a ferromagnetic structure 
with the magnetic moment pointing along borth (FMb), 
similar to the magnetic structure in Mn(Co0.60Ni0.40)Ge. As 
an example, the refinement results for the neutron dif-
fraction pattern of Mn(Co0.60Ni0.40)Ge at 280 K are sum-
marised in Table 1. 
3) Magnetic structures for Mn(Co1-xNix)Ge (x = 0.90 and 
1.00) Satellite peaks are also observed in the neutron 
powder diffraction patterns for Mn(Co0.10Ni0.90)Ge below 
350(5) K (Figure S4(e)) and MnNiGe below 360(5) K (Fig-
ure 6(c)). In this case, there is no AFM/FM transition. The 
Orth/Hex structural transition temperatures TM are also 
much higher: 442(5) K for Mn(Co0.10Ni0.90)Ge and > 450 K 
for MnNiGe compared with Mn(Co1-xNix)Ge compounds 
(x = 0.12 ≤ x ≤ 0.80). 
 The Rietveld refinement for MnNiGe at 5 K is shown in 
Figure S10(b) resulting in the values ψ = 90°, θ = 0°, φ = 0° 
and kx = 0.184(2) Å
 -1. This is a simple cycloidal (SC) mag-
netic structure with magnetic moments in the ab-plane as 
shown in Figure 6(d). Clearly there are differences in the 
magnetic structures of Mn(Co0.40Ni0.60)Ge and MnNiGe at 
5 K. In fact, in the Mn(Co1-xNix)Ge samples the angle θ of 
the spiral axis l ranges between 0° and 90° with Ni con-
tent x and with temperature in a slightly irregular manner 
(see Figure S9; as does the propagation vector discussed 
below). For x = 0.55 to 0.60, θ generally decreases with 
increasing temperature while remarkably for x = 0.90 and 
 
 
Figure 7 (a) Variation of the propagation vector versus tem-
perature for the incommensurate spiral structures in the 
Mn(Co1-xNix)Ge samples. The temperature at the end point of 
each curve is the Néel temperature of the corresponding 
sample.  (b) Thermal evolution of the lattice parameter ratio 
aorth/(corth/√3) for the set of Mn(Co1-xNix)Ge samples indicat-
ed. 
1.00, θ starts at zero at low temperature and flips to 90° 
(70°) near 18 K (220 K), respectively. 
4) Variation of propagation vector kx Close comparison 
of the neutron diffraction patterns of Mn(Co0.40Ni0.60)Ge 
in Figure 6(a) and those of MnNiGe in Figure 6(c), reveals 
that the satellite peaks move towards the nuclear peaks in 
Mn(Co0.40Ni0.60)Ge with increasing temperature whereas 
the satellite peaks shift away from the nuclear peaks in 
MnNiGe. A detailed comparison of the propagation vector 
kx for different Ni content x as functions of temperature 
iss hown in Figure 7(a). The propagation vector kx de-
creases with increasing temperature in the samples with x 
= 0.55, 0.58 and 0.60 while in contrast, kx increases with 
temperature for samples with x = 0.90 and 1.00. Given the 
strong dependence of the rotation angle (propagation 
vector) in a spiral structure on the lattice parameters,51-53 
the different temperature dependences of the magnetic 
propagation vectors (kx, 0, 0) in Mn(Co1-xNix)Ge with x ≥ 
0.55 are considered as the results of different anisotropic 
thermal evolutions of the lattice parameters. As shown in 
Figure 7(b), the Mn(Co1-xNix)Ge samples with x = 0.55, 
0.58 and 0.60 have different temperature dependences of 
the aorth/(corth/√3) ratios from those with x = 0.90 and 1.00. 
More information about the analysis of the neutron pat-
terns is given in the supporting information, e.g. tempera-
ture dependences of the magnetic moments are shown in 
Figure S11. 
Magnetic phase diagram Based on the findings from the 
present magnetisation, variable temperature x-ray and 
neutron diffraction studies, we have constructed a mag-
netic phase diagram for annealed Mn(Co 1-xNix)Ge as 
shown in Figure 8. Although the incommensurate mag-
netic structures have different θ in the samples with x = 
0.55, 0.58, 0.60, 0.90 and 1.00 these can be considered as a 
uniform phase with a spiral structure (spiral-Orth). TM is 
dependent on the Ni content x: TM initially decreases with 
x up to ~0.50, and then increases with x from 0.55 on-
wards. In contrast to the magnetic phase diagram of 
Nizioł et al.,10 (for which  martensitic structural transition 
temperatures TM > ~430 K are reported) our results show 
that the structural transition temperature TM for a broad  
Table 1 The crystallographic and magnetic data of Mn(Co1-xNix)Ge with x = 0.14, 0.40, 0.60 and 1.00 as determined 
from Rietveld refinements of the neutron diffraction patterns at 5 K (also at 280 K for x = 0.60). FMc, FMb, CS, SP 
represent paramagnetic, ferromagnetic along corth-axis, ferromagnetic along borth-axis and cycloidal-spiral and 
spiral structures, respectively. 
Sample Mn(Co0.86Ni0.14)Ge Mn(Co0.60Ni0.40)Ge Mn(Co0.40Ni0.60)Ge MnNiGe 
T (K) 5 K 5 K 5 K 280 K 5 K 
Phase Orth. Hex. Orth. Hex. Orth. Hex. Orth. Hex. Orth. Hex. 
Space group Pnma P63/mmc Pnma P63/mmc Pnma P63/mmc Pnma P63/mmc Pnma P63/mmc 
a (Å) 5.921(1) 4.073(22) 5.956(1) 4.072 (12) 5.982(1) 4.070(16) 6.010(1) 4.076(5) 6.025(1) 4.066(20) 
b (Å) 3.793(1)  3.757(1)  3.738(1)  3.763(1)  3.708(1)  
c (Å) 7.049(1) 5.304(45) 7.049(1) 5.282(26) 7.058(1) 5.304(36) 7.060(1) 5.367(12) 7.061(1) 5.324(30) 
V (Å3) 158.29(4) 76.19(9) 157.70(87) 75.84(48) 157.81(6) 76.10(66) 159.65(4) 77.23(21) 157.76(4) 78.88(4) 
Phase fraction 
(wt%) 
99(3) 1(1) 99(3) 1(1) 99(2) 1(1) 98(2) 2(1) 98(1) 1(1)* 
Magnetic 
state 
FMc FM FMb - CS - FMb - SP - 
Moment (μB) 3.4(1) - 3.5(1) - 3.2(1) - 2.0(1) - 3.32 - 
Rp, Rwp 3.41, 4.45 3.60, 4.65 2.63, 3.43 2.34, 3.06 2.70, 3.63 
Rexp, χ2 1.99, 5.00 1.69, 7.58 1.62, 4.46 1.59, 3.72 1.45, 6.23 
* MnNiGe sample has ~2(1) wt% of MnNi1.25Ge1.75 impurity. 
 
 
Figure 8 Partial phase diagram for the annealed Mn(Co1-




are the Curie temperatures for the ferromagnetic ortho-
rhombic phase with magnetic moment along corth-axis, borth-
axis and the Néel temperature of the spiral orthorhombic 
phase, respectively. TM is the martensitic structural transition 
temperature from the orthorhombic to the hexagonal struc-
tures. 𝑇C
Orth−𝑐−𝑏 and 𝑇N
SP−FM is the magnetic transition tem-
peratures from corth-axis ferromagnetic structure to borth-axis 
ferromagnetic structure and from the spiral structure to fer-
romagnetic structure (magnetic moment aligning along borth-
axis), respectively. PM, FMc, FMb, SP represent paramagnetic, 
ferromagnetic along corth-axis, ferromagnetic along borth-axis 
and spiral structures, respectively. ΔTMCE is the temperature 
window for magneto-structural transition and large magne-
tocaloric effect in annealed Mn(Co1-xNix)Ge samples. The 
dashed lines represent extrapolations of transitions bounda-
ries. 
Ni concentration range, ~0.20 < x < ~0.65, is lower than 
~350 K. This is likely to be attributed to the different 
sample preparations and heat treatment procedures. 
Through comparing TM in Figure 8 with the thermal evo-
lution of the magnetic moments in Figure S11, it can be 
concluded that a first order magneto-structural transi-
tion, FM-Orth/PM-Hex, exists within the Ni range ~0.20 < 
x < ~0.65. As indicated in Figure 8, this range of Ni con-
centrations has a broad temperature window of ΔTMCE = 
290(1) K to 345(4) K for observation of a magneto-
structural transition. Large direct MCE values are ex-
pected in this temperature window. The occurrence of the 
spiral-AFM/FM transitions around 𝑇N
SP−FM  in Mn(Co1-
xNix)Ge with ~0.55 < x < ~0.75 is also noted with an in-
verse magnetocaloric effect expected in this region.54 
Stabilities of magnetic phases In the orthorhombic 
structure (Pnma) of MnCoGe/MnNiGe-based compounds, 
each Mn atom has four Mn nearest-neighbours with two 
characteristic Mn-Mn separations, d1 and d2, as depicted 
in Figure S1. Given the centrosymmetric TiNiSi-type 
structure, the Dzyaloshinsky-Moriya interaction cannot 
be the origin of the spiral structure in the orthorhombic 
phase of Mn(Co1-xNix)Ge. As an alternative explanation, it 
was considered that the occurrence of a spiral structure in 
this system is a result of the variation of the Mn-Mn dis- 
 
Figure 9 (a) Variation of the Mn-Mn nearest neighbours dis-
tances, d1 and d2, with Ni content x in the orthorhombic 
phase of Mn(Co0.86Ni0.14)Ge at 5 K. (b) Variation of the mag-
netic moment on the Mn atoms of Mn(Co1-xNix)Ge alloys in 
the orthorhombic phase with Ni content x at 5 K. 
tance, especially d1,
2, 3, 55 e.g. spiral-AFM occurs when d1 > 
~2.95 Å in MnNi(Ge1-xSix)
2 and d1 > ~3.37 Å in MnCo(Ge1-
xPx).
3 The evolution of the d1 and d2 Mn-Mn distances in 
Mn(Co1-xNix)Ge with x at 5 K are shown in Figure 9(a) 
with their temperature dependences shown in Figure S13. 
According to this criterion, the spiral-AFM should be-
come more stable at high temperature due to the thermal 
expansion of d1. However, the spiral-AFM was transferred 
to the FMb structure at high temperature due to the 
thermal expansion of d1.  
However, the spiral-AFM was transferred to the FMb 
structure with increasing temperature in the samples with 
x = 0.55, 0.58 and 0.60. Therefore, this simple inter-
atomic criterion cannot properly explain for the occur-
rence of the spiral-AFM in Mn(Co1-xNix)Ge. 
Here, we give a brief discussion on the origin of non-
collinear spiral structure based on the experimental re-
sults. We attribute the occurrence of the spiral-AFM to 
the ‘self- adjustment’ of the system to accommodate in-
creasing valence electron concentration (VEC, the average 
number of valence electrons per atom) due to the re-
placement of Co (3d74s2) by Ni (3d84s2). The unit cell vol-
ume Vorth plotted in Figure 3(d) has a maximum for mid-
range Ni content: Vorth increases initially with increasing x 
and then decreases for x ≥ 0.60. This deviation from the 
prediction of Vegard’s law indicates that expansion of the 
unit cell volume is one mechanism for MnCoGe-based  
 
 
Figure 10 The lattice parameters and unit cell volume for 
MnNiGe sample (TN = 360(5) K) determined from refinement 
of the neutron powder diffraction patterns. The dashed line 
on the unit cell volume curve represents the phonon contri-
bution to the thermal expansion (θD = 320 K).
56 
compounds to re-adjust to the increased number of va-
lence electrons. In addition, crystal orbital overlap popu-
lation (COOP) calculations for the TiNiSi family of com-
pounds demonstrated that extra valence electrons intro-
duced by doping would enter into the bonds between Ti 
(corresponding to Mn in MnCoGe) and Ni-Si networks 
(corresponding to Co-Ge networks in MnCoGe) and 
hence reduce the impact on the Ni-Si network and stabi-
lise the crystal structure to a TiNiSi-type structure.48 By 
analogy, doping MnCoGe would stabilise a TiNiSi-type 
structure This redistribution of valence electrons would 
influence the density of states at the Fermi surface, N(EF), 
and lead to a non-collinear structure whose occurrence 
can reduce the number of bands crossing the Fermi ener-
gy EF.
33 
All of the anomalous behaviours in the structural and 
magnetic properties of Mn(Co1-xNix)Ge can be explained 
by the competition between the two mechanisms for 
MnCoGe- based compounds to accommodate extra va-
lence electrons as introduced above: the variation of the 
unit cell volume and the redistribution of valence elec-
trons. It should be noted that this anomalous variation in 
unit cell volume with increasing Ni content, occurs de-
spite the increased fraction of the smaller Ni atoms (radi-
us ~ 1.21 Å) compared with the Co atoms (radius ~ 1.26 Å). 
Addition of further valence electrons to MnCoGe settle in 
Mn(Co1-xNix)Ge by, firstly, expanding the Vorth within low 
Ni content samples as demonstrated by the expansion of 
Vorth in Figure 3(d). The accumulation of the valence elec-
tron in the Co/Ni-Ge networks undermines the stability 
of the orthorhombic structure and TM decreases with x in 
the approximate region x ~ 0.15 – 0.55, as illustrated in 
Figure 8. However, the redistribution of the valence elec-
trons in the cases of x ≥ 0.55 leads to the occurrence of 
the spiral-AFM and the modification of N(EF). This abrupt 
change in N(EF) is evidenced by the drop of the magnetic 
moment on Mn atoms, µMn, as shown in Figure 9(b). As a 
result of the electronic redistribution, the expansion pres-
sure from the increased valence electrons on Vorth and the 
impact of valence electrons on the stability of the ortho-
rhombic structure are both reduced. Therefore, Vorth de-
creases but TM increases above x = 0.55 as observed in 
Figures 3(d) and 8. Such decreases in the values of µMn 
and Vorth in Mn(Co1-xNix)Ge are similar in behaviour to the 
occurrence of a non-collinear structure in other 
systems.36, 40 In particular, for zinc-blende MnAs36 and Fe- 
Ni Invar alloys40, a non-collinear structure has been ac-
companied by smaller unit cell volumes and smaller mag-
netic moments compared with the unit cell volumes and 
magnetic moments for a collinear structure. 
The electronic redistribution and the occurrence of the 
non-collinear spiral-AFM around x = 0.55 are also accom-
panied by the change in the bond strength which causes 
the abrupt jump of the lattice parameters of the ortho-
rhombic structure as shown in Figures 3(a), 3(b) and 3(c). 
Similar competitions between magnetism and bonding 
due to redistribution of electronic density were also ob-
served in MnFe(P,Si,B).57 In addition, strong magneto-
volume effects are observed via changes in the lattice 
around the magnetic transition for the sample with x = 
1.00 as shown in Figure 10. To estimate the spontaneous 
magnetostriction which causes the changes, the phonon 
contribution to the lattice thermal expansion was calcu-
lated using the Grüneisen-Debye model,58, 59 with a Debye 
temperature of 320 K56 and extrapolated from the temper-
ature region above TN. The fit to the Grüneisen-Debye 
model is shown as the dashed line in Figure 10. The mag-
netic contributions are evident and the change in the unit 
cell volume around the Néel temperature TN = 360(5) K 
amounts to 0.66%. 
The competition between the two mechanisms is also 
important with regard to temperature dependence of the 
magnetic structures. In the samples with x = 0.55, 0.58 
and 0.60, the expansion of the unit cell volume Vorth re-
duces the potential to change the band structure, and 
therefore the low-temperature spiral-AFM transfers to the 
FMb at high temperatures, as shown in Figures 6(a), S4(c), 
S4(d) and 8. However, in the case of x = 0.90 and 1.00, the 
further increases of the valence electron concentration 
cannot be accommodated merely by adjusting the unit 
cell volume through thermal expansion. To maintain the 
lowest total energy, the spiral-AFM configuration remains 
stable up to the transition to a paramagnetic phase. 
Magnetocaloric effect According to our findings as 
summarised in the phase diagram (Figure 8), direct and 
inverse magnetocaloric effects are expected in Mn(Co1-
xNix)Ge compounds, at the martensitic transition temper-
atures TM (around room temperature), and around the 
spiral-AFM/FM transition 𝑇N
SP−FM (below ~250 K), respec-
tively. The direct MCE values around room temperature 
are of greater interest with practical application in mind 
and are shown in Figure 11. (For inverse MCE, please see 
Section 6 in the supporting information). The peak values 
of the entropy changes for the series of Mn(Co1-xNix)Ge  
 
 
Figure 11 Isothermal magnetic entropy changes for Mn(Co1-
xNix)Ge with x = 0.40, 0.50, 0.55, 0.58 and 0.60 for magnetic 
changes of μ0ΔH = 2 T (dashed lines with open symbols) and 
μ0ΔH = 5 T (solid lines with solid symbols). 
compounds are: – Δ𝑆M
peak
 (μ0ΔH = 5 T) = 14(2) J kg
-1 K-1, 
13(2) J kg-1 K-1, 15(2) J kg-1 K-1, 14(2) J kg-1 K-1, and 14(2) J kg-1 
K-1 at 292(2) K, 284(2) K, 283(2) K, 285(2) K and 302(2) K 
for x = 0.40, 0.50, 0.55, 0.58 and 0.60, respectively. Note 
that, these values are larger than 10(2) J kg-1 K-1 at 297(1) K 
in as-prepared (Mn0.98Fe0.02)CoGe
4; 11(2) J kg-1 K-1 at 299(1) 
K in as-prepared Mn(Co0.96Fe0.04)Ge
5; and 13(2) J kg-1 K-1 at 
314(1) K in annealed (Mn0.96Ni0.04)CoGe.
60 However, the 
refrigeration capacities (RCs, the calculation method is 
given in the supporting information) with μ0ΔH = 5 T in 
Mn(Co1-xNix)Ge (0.40 ≤ x ≤0.60) are found to be signifi-





60 These diminished RC values are 
due to the relatively smaller magnetic moment in Mn(Co1-
xNix)Ge compared with these other MnCoGe-based sys-
tems (see Table S4 and Figure S15). In addition, the results 
reported here provide experimental evidence for the re-
distribution of valence electrons and modification of the 
density of states at the Fermi surface. Following the dis-
cussion of Boeije et al.57, the electronic contribution may 
also play an important role in the magnetocaloric effect in 
MnCoGe-based compounds, similar to the Fe2P-based 
compounds57 and ReRh. 
CONCLUSIONS 
Our detailed investigations of an extensive series of 
Mn(Co1-xNix)Ge (0.12 ≤ x ≤ 1.00) compounds provide in-
sight into their crystal and magnetic structures. Our find-
ings have led to a new explanation for the occurrence of 
spiral ground state in Mn-based orthorhombic alloys 
(Pnma).  
It is concluded that the crystal and magnetic structures 
can be tuned by changing valence electron concentration 
through the substitution of Ni (3d84s2) for Co (3d74s2). 
With increasing Ni concentration, the ferromagnetic 
moments along corth on the Mn sublattice in the ortho-
rhombic phase turn firstly to the borth axis due to anisot-
ropy at 5 K. Further doping of Ni content leads to a non-
collinear spiral antiferromagnetic structure where the 
magnetic moments propagate along aorth. The occurrence 
of the spiral antiferromagnetic structure is accompanied 
by abrupt changes in lattice parameters, reduction of the 
unit cell volume Vorth, reduction of the magnitude of the 
magnetic moments on Mn atoms and discontinuities in 
the lattice parameters. These phenomena are associated 
with the competition between magnetism and bonding, 
and occur as a result of the competition between the ex-
pansion of unit cell volume and the redistribution of the 
valence electrons, which is associated with modification 
of the density of states at the Fermi surface. 
The competition between the expansion of unit cell 
volume and the redistribution of the valence electrons 
also causes a decrease of the martensitic transformation 
temperature TM as the Ni concentration  in Mn(Co1-
xNix)Ge increases up to x ~ 0.50 and then an increase of 
TM for Ni concentrations above x ~ 0.55. In particular a 
first-order magneto-structural transition and large direct 
magnetocaloric effect in Mn(Co1-xNix)Ge is formed with 
~0.20 < x < ~0.65 while the magnetic transition from the 
spiral antiferromagnetic structure to the ferromagnetic 
structure provides scope for a region of inverse magneto-
caloric effect within ~0.55 < x < ~0.75. 
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1 Crystallographic tructures 
1.1 Atomic networks 
In the orthorhombic structure (Pnma) of MnCoGe/MnNiGe-based compounds, each Mn atom 
has four Mn nearest-neighbours with two characteristic Mn-Mn separations, d1 and d2, as shown in 
Figure S1. The Mn atoms form 3 dimensional (3D) Mn-Mn interaction networks. This 3D Mn-Mn 
network comprises of two zigzag chains which penetrate through two groups of Co/Ni-Ge rings 
along the aorth-axis (corresponding to d1) and the borth-axis. 
 
Figure S1 Mn-Mn networks in the Co/Ni-Ge networks in the orthorhombic phase of the 
Mn(Co0.86Ni0.14)Ge sample. (Lattice parameters and atomic positions are from the Rietveld 
refinement of the neutron pattern at 5 K, see Figure S4(a)). In the Co/Ni-Ge networks, there are two 
tunnels: (a) along the aorth-axis built up from the honeycomb, and (b) along the borth-axis through the 
eight-rings which form from the partial break of Ni/Co-Ge bonds between the Co/Ni-Ge layers 
during the martensitic transition. There are two kinds of Mn-Mn nearest neighbours, d1 and d2, 






1.2 Analysis of x-ray diffraction patterns 
 
Figure S2 Rietveld refinements of the x-ray diffraction patterns for (a) Mn(Co0.86Ni0.14)Ge, (b) 
Mn(Co0.60Ni0.40), (c) Mn(Co0.40Ni0.60)Ge and (d) MnNiGe at room temperature. The circles and solid 
lines on the circles are observed and calculated data, respectively. The horizontal rows of Bragg 
markers (from top to bottom) represent structures of the hexagonal and the orthorhombic phases, 
respectively. The trace lines represent the difference between observed and calculated data. Fractions 
of the hexagonal and the orthorhombic phases are given. No impurity phase was observed in these 
diffraction patterns. It is noted that the neutron diffraction experiments demonstrate a tiny impurity 
phase in the Mn(Co1-xNix)Ge samples with x = 0.90 and 1.00. It is MnCo1.25Ge0.75 with a space group 
of P63/mmc. The phase fraction of this impurity is so small (≤ 2(1) wt%) that the x-ray diffraction 
experiment cannot identify.  
As shown in Figure 3 in the main context, the variation of lattice parameters of the orthorhombic 
phase agrees well with the Vegard’s law in Mn(Co1-xNix)Ge in the region of x = 0.12, 0.14, …, 0.20, 
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far below the critical concentration for the occurrence of spiral magnetic structures (x = ~0.55). This 
observation confirms the slight increase in the Ni concentration, confirming the correctness of our 






Figure S3 Magnetisation curves as a function of temperature for the Mn(Co1-xNix)Ge samples, (1) x 
= 0.20, 0.40, 0.50 and (b) x = 0.55, 0.58, 0.60, 0.70, 0.80 and 1.00, in an applied field of 0.01 T on 





3 Phase transition temperatures 
Table S1 Phase transition temperatures for annealed Mn(Co1-xNix)Ge as determined from variable 


















0.14 370(2) 38(2) - - 345(5) - 
0.30 324(5) - - - - - 
0.40 299(1) 13(1) 295(4) 280(4) - - 
0.50 290(1) 17(1) 285(4) 275(4) - - 
0.55 291(1) 14(1) 285(4) 275(4) - 155(4)/170(5)
†
 
0.58 290(1) 18(1) 285(4) 280(4) - 210(4)/215(5) 
0.60 312(1) 15(1) 300(4) 295(4) - 240(4)/245(5) 
0.70 - - - - - 306(5) 
0.90 442(5) 20(5) - - - 350(5) 
1.00 - - - - - 360(5) 
* The structural transition temperature TM for x = 0.30, 0.50 and 0.55 are estimated from variable 
temperature x-ray diffraction experiments, with the other data derived from the neutron powder 
diffraction experiments. 
‡
 To distinguish the magnetic transitions around a magneto-structural transition and around a Curie 
temperature, the magnetisation change temperatures are marked using 𝑇m
W  and 𝑇m
C  around the 
magneto-structural transition.  
†
 Magnetic transitions temperatures  𝑇N






4 Analysis of neutron diffraction patterns 
 
Figure S4 Powder neutron diffraction patterns (λ = 2.4143 Å) over the temperature range 10 K to 450 
K for Mn(Co1-xNix)Ge with (a) x = 0.14, (b) x = 0.40, (c) x = 0.55, (d) x = 0.58 and (e) x = 0.90. (The 
diffraction patterns for x = 0.60 and x = 1.00 are shown in Figs. 5(a) and 5(d).) All of the peaks are 
identified as the orthorhombic (Miller indices without asterisk) and hexagonal (Miller indices with 
asterisks) structures in the samples with x = 0.14, 0.40, 0.55 and 0.58. In the sample with x = 0.90, 
the impurity phase MnNi1.25Ge0.75 (P63/mmc, indicated by triangles) is also observed. The curves in 
(c), (d) and (e) are guides for the evolution of the magnetic satellite peaks. Some satellite peaks 
which are too small to be discerned are not marked. TM, 𝑇N
SP−FM and 𝑇N
Orth are the temperatures for 
the reverse martensitic transformation, spiral-AFM/FM transition in the orthorhombic structure and 
the AFM/FM transition in the orthorhombic structure. 
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4.1 Atomic occupancies 
Table S2 The nominal compositions and the actual compositions which are determined from the 
Rietveld refinements of the neutron diffraction patterns. No mixing atomic distribution was observed 
between Mn and Ni. 












4.2 Irreducible representation analysis of ferromagnetic structures 
The magnetisation data for Mn(Co0.86Ni0.14)Ge and Mn(Co0.60Ni0.40)Ge (Figure 4(a)) shows 
features that suggest ferromagnetism. It is straightforward to analyse the ferromagnetic structure 
using irreducible representations. Therefore, irreducible representation analyses were carried out for 
both samples using BasIreps program in FullProf suite. For the 4c site (Mn atoms occupy 4c sites) in 
the orthorhombic structure (Pnma), the decomposition of the magnetic representation comprises 
eight representations: 
ΓMag
4c = 1Γ1 + 2Γ2 + 2Γ3 + 1Γ4 + 1Γ5 + 2Γ6 + 2Γ7 + 1Γ8.                           (S. 1) 
The basis vectors of these irreducible representations are given in Table S2.  
Table S3 Irreducible representation analysis for the 4c site in the orthorhombic structure (Pnma) with 
a propagation vector [0 0 0]. The atomic position for the 4c site are (x, ¼, y), (½ – x, ¾, ½ + z), (-x, 
¾, -z), and (½ + x, ¼, -z). 
Representation Ordering mode 
Magnetic moment directions 
x y z 
Γ1 Gy  + - + -  
Γ2 AxCz + - - +  + + - - 
Γ3 GxFz + - + -  + + + + 
Γ4 Ay  + - - +  
Γ5 Fy  + + + +  
Γ6 CxAz + + - -  + - - + 
Γ7 FxGz + + + +  + - + - 
Γ8 Cy  + + - -  
 
All of these representation models were simulated and a comparison of these simulations with the 
neutron diffraction patterns indicated that Fz of Γ3 and Fy of Γ5, corresponding to a ferromagnetic 
structure along the corth-axis and borth-axis, are the best models for Mn(Co0.86Ni0.14)Ge and 
Mn(Co0.60Ni0.40)Ge, respectively. Figures S5(a) and S5(b) are the Rietveld refinements of the neutron 
diffraction patterns using the models Fz of Γ3  and Fy of Γ5  for Mn(Co0.86Ni0.14)Ge and 
Mn(Co0.60Ni0.40)Ge, respectively, at 5 K. Three phases were considered in the refinements 
corresponding to: the nuclear and magnetic scattering from the orthorhombic phase and the nuclear 
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scattering of the hexagonal phase. (For comparison, the Rietveld refinement using Fz of Γ3   for 
Mn(Co0.60Ni0.40)Ge gives bad fitting as shown in Figure S5(c)).  
 
Figure S5 Rietveld refinements of the neutron diffraction patterns for (a) Mn(Co0.86Ni0.14)Ge using 
model Fz of Γ3, (b) Mn(Co0.60Ni0.40)Ge using model Fy of Γ5 and (c) Mn(Co0.60Ni0.40)Ge using model 
Fz of Γ3 at 5 K. The circles and solid lines on the circles are observed and calculated data, 
respectively. The horizontal rows of Bragg markers (from top to bottom) represent the nuclear and 
magnetic structures of orthorhombic, and the nuclear structure of the hexagonal phase, respectively. 
The trace lines represent the difference between observed and calculated data. Fz of Γ3 and Fy of Γ5 
are the best models for Mn(Co0.86Ni0.14)Ge and Mn(Co0.60Ni0.40)Ge, respectively. Compared with the 
refinement based on model Fy of Γ5 as shown in (b), Fz of Γ3 gives a poor quality fitting for 





4.3 AFM/FM transitions in the samples with x = 0.55 to 0.60 
As shown in Figs. 7(a), S2(c) and S2(d), there is a AFM/FM transition at 175(5) K, 215(5) K and 
245(5) K in Mn(Co0.45Ni0.55)Ge, Mn(Co0.42Ni0.58)Ge and Mn(Co0.40Ni0.60)Ge, respectively. This 
magnetic transition is accompanied by the disappearance of the satellite peaks and the enhancements 
of some nuclear scattering peaks, such as the (101)orth and (103)orth peaks. The thermal evolution of 
the (101)orth peak intensity for Mn(Co0.45Ni0.55)Ge and Mn(Co0.40Ni0.60)Ge are shown in Figure S3. 
Abrupt enhancement is observed in both samples. Following analysis of neutron patterns indicate 
that the ferromagnetic (FM) structure is similar to that in Mn(Co0.60Ni0.40)Ge with magnetic moments 
pointing to the borth-axis. 
 
 
Figure S6 Thermal variation of the (101)orth peak intensity for Mn(Co0.45Ni0.55)Ge and Mn(Co0.40Ni-
0.60)Ge. The (101)orth peak intensity is found to increase sharply in both the Mn(Co0.45Ni0.55)Ge and 






4.4 Analysis of incommensurate magnetic structures 
For the Mn(Co1-xNix)Ge samples, there are spiral magnetic structures in the incommensurate 
region. The FullProf suite can be used to describe a spiral structure. In this work, the conical 
magnetic model (jbt = 5) were used. (jbt: structure factor model and refinement method for the 
phase). 
 
Figure S7 Coordinate system for a conical magnetic structure used in the Rietveld refinement based 
on FullProf suite. The spin vector μ lies on the cone with a half-angle ψ. θ and φ are the spherical 




4.4.1 Determination of spherical angles 
Variation of the parameters ψ, θ and φ in the spiral structures produce only small differences in 
the magnetic diffraction patterns. This makes the refinement of these angles difficult. To search for 
the best refinement, different angles were tried (in 10° steps per refinement). As an example, 
parameters from refinements using different values of angle θ are shown in Figure S7. The best 
refinement with the smallest reduced chi-square is 70° (or 110°) for the Mn(Co0.40Ni0.60)Ge sample at 
5 K. 
In the Mn(Co1-xNix)Ge samples, the incommensurate magnetic structures have ψ = 90° (flat 
spiral-structure) and φ = 0°. θ varies between 0° and 90° in the ac-plane with Ni content x and 
temperature (see Figure S8). For examples, θ = 70°, 0° and 90° - corresponding to: a cycloidal-spiral 
structure, a simple cycloidal structure in the bc-plane and a simple spiral structure in the ab-plane for 
Mn(Co0.40Ni0.60)Ge (5 K, see Figure 6(c)), MnNiGe (5 K, see Figure 6(d))  and Mn(Co0.10Ni0.90)Ge 
(at 180 K, see Figure S9), respectively. 
 
 
Figure S8 Reduced chi-square 
2 
of the refinement results as a function of the cone axis angle θ for 




Figure S9 The angles θ of the spiral axis l as functions of temperature for the spiral structure in the 






4.4.2 Rietveld refinements of different spiral structures 
 
Figure S10 (a) Rietveld refinements of the neutron diffraction patterns for (a) Mn(Co0.40Ni0.60)Ge at 5 
K, (b) MnNiGe at 5 K and (c) Mn(Co0.10Ni0.90)Ge at 180 K. The circles and solid lines on the circles 
are observed and calculated data, respectively. The horizontal rows of Bragg markers (from top to 
bottom) represent the nuclear and magnetic structures of the orthorhombic phase, the nuclear 
structures of the hexagonal phase and the MnNi1.25Ge0.75 impurity, respectively. The bottom lines are 
the difference between observed and calculated data. (d) is the magnetic structure of the 
orthorhombic phase for Mn(Co0.10Ni0.90)Ge at 180 K projected on the bc-plane and ac-plane with six 
unit cells along aorth, respectively. The propagation vector is 0.222(1) Å
-1
 along aorth. The magnetic 
structures for Mn(Co0.40Ni0.60)Ge and MnNiGe at 5 K are given in Figures 6(b) and 6(d), respectively.  
16/22 
 
4.5 Magnetic moments  
 
Figure S11 The variation of the magnetic moments with temperature for the Mn sublattice in the 
orthorhombic structure of Mn(Co1-xNix)Ge. The three dips noted around ~170 K, ~215 K and ~245 K, 
for the Mn(Co1-xNix)Ge samples with x = 0.55, 0.58 and 0.60 may originate from difficulties with 




5 Magnetic interactions 
5.1 Thermal evolution of lattice parameters 
 
Figure S12 Thermal evolution of the lattice parameters in the orthorhombic structure of Mn(Co1-
xNix)Ge with x = 0.14, 0.40, 0.55, 0.58, 0.60, 0.90 and 1.00. The data comes from the refinement 




5.2 Thermal evolution of Mn-Mn distances 
 





6 Magnetocaloric effect 
As indicated by the phase diagram (Figure 9), inverse MCE and direct MCE are expected in the 
samples with x = 0.55 to 0.60. The magnetic isotherms with increasing field for Mn(Co0.40Ni0.60)Ge 
around 𝑇N
SP−FM  and TM are shown in Figures. S13(a) and S13(b), respectively. In both figures, 
continuous metamagnetic behaviours are observed, confirming field-induced SP-AFM/FM and FM-
Orth/PM-Hex transitions. It is also observed in Figure S13(a) that application of a field < 1 T is 
enough to align the spiral magnetic moments above 200 K, indicating the competition of the SP and 
FM structures. 
Based on the isothermal magnetisation measurement, the magnetic entropy changes –ΔSM were 
calculated using Eq. 1 which derives by integrating the Maxwell function:
1
 







 d𝐻′.                                          (S − 1) 
Figure S13(c) is the contour image of the magnetic entropy change based on the magnetic isotherms 
in Figure S13(a). Positive magnetic entropy changes (inverse MCE, note: the calculation is based on 
magnetisation measurement rather than demagnetisation) are obtained, e.g. – Δ𝑆M
peak





 for μ0ΔH = 1 T at 197(2) K. Such positive magnetic entropy change results from the SP-
AFM/FM transition, which occurs also in the samples with x = 0.55 and 0.58: – Δ𝑆M
peak
 (μ0ΔH = 1 T) 








 at 142(4) K and 187(2) K, respectively. These values are 




 (μ0ΔH = 1 T) in Mn(Co0.38Ni0.62)Ge reported by 
Zhang et al,
2




 (μ0ΔH = 1 T) reported for Mn(Co0.07Ni0.93)Ge1.05.
3
 In 
Mn(Co0.07Ni0.93)Ge1.05, the SP-AFM/FM transition is accompanied by a Orth/Hex structural 
transition, one kind of FOMST.
3
 It is also noted that – Δ𝑆M
peak
 shifts quickly to low temperature with 
magnetic field as indicated by the dashed line in Figure S13(c), indicating strong dependence of the  
𝑇N
SP−FM on magnetic field. 
In contrast to the case around 𝑇N
SP−FM  in Figure S13(c), negative magnetic entropy changes 
(direct MCE) are obtained due to field induced FM-Orth/PM-Hex transition around TM as shown in 
Figure S13(d). The magnetic entropy changes maxima – Δ𝑆M
peak




 for μ0ΔH = 1 T 














In addition, the refrigeration capacity (RC) is also an important parameter for magnetocaloric 
materials, which is defined as:
4
 
𝑅𝐶 = ∫ |∆𝑆𝑀|𝑑𝑇
𝑇𝑟2
𝑇𝑟1
,                                                                (S − 2) 
𝑇𝑟1 and 𝑇𝑟2  are the temperatures corresponding to the half-maximum of the isothermal magnetic 
entropy change peak – Δ𝑆M
peak
 and 𝑇𝑟1 < 𝑇𝑟2. RCs in the present work are calculated using Eq. (S-2). 
 
 
Figure S14 Isothermal magnetisation of Mn(Co0.40Ni0.60)Ge around the transition temperatures (a) 
𝑇N
SP−FM = 245(5) K and (b) TM = 310(1) K. The measurement temperature increases (a) from 100 K 
to 250 K and (b) 250 K to 320 K with an interval of 5 K. (c) and (d) are the contour images of the 
isothermal magnetic entropy changes -ΔSM with magnetic field changes from μ0ΔH = 0.2 T to μ0ΔH 
= 5.0 T around 𝑇N
SP−FM and TM, respectively. The dashed line in (c) indicates that 𝑇N
SP−FM depends 




Table S4 Magnetic entropy changes (-ΔSM) and refrigeration capacities (RC) of the Mn(Co1-xNix)Ge 

















































0.40 1 - - 3.1(4) 292(2) 5 14(2) 292(2) 11(1) 140(20) 
0.50 1 - - 3.0(4) 284(2) 5 13(2) 284(2) 10(1) 120(20) 
0.55 1 -0.48(7) 142(4) 3.3(4) 283(2) 5 15(2) 283(2) 10(1) 130(20) 
0.58 1 -0.52(8) 187(2) 3.0(4) 285(2) 5 14(2) 285(2) 11(1) 140(20) 
0.60 1 -0.59(8) 197(2) 2.4(3) 302(2) 5 14(2) 302(2) 11(2) 130(20) 
*




, corresponds to the SP-AFM/FM 
and FM-Orth /PM-Hex transitions around  TN
SP−FM and TM, respectively. Inverse MCE and direct 
MCE are obtained around these two transitions. 
 
Figure S15 Relationship between RC and the magnetic moment of Mn sublattice at the temperature 
where the orthorhombic phase fraction is ~90 wt% for annealed Mn(Co1-xNix)Ge (from this work), 
as-prepared (Mn1-xFex)CoGe (x = 0.02),
5
 as-prepared Mn(Co1-xFex)Ge (x = 0.04)
6
 and annealed 
(Mn1-xNix)CoGe (x = 0.04).
7
 The linear relationship between the RCs and the magnetic moments on 
Mn sublattice indicates that the smaller RCs in annealed Mn(Co1-xNix)Ge is attributed to the 
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